INTRODUCTION
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to primarily occur in abdominal adipose tissue in chickens (Nie et al., 2009) . Therefore, the duck can deposit excess fat heavily in some regions of subcutaneous adipose tissue. Nevertheless, the developmental characteristics of different subcutaneous adipose regions at the morphological level during meat-type duck growth are not well understood. Subcutaneous adipose tissue growth is considered to be the result of an increase in intracellular triglycerides and the development of adipocyte morphology. In mammals, studies have reported significant regional differences in lipid metabolism and adipocyte morphology during adipose mass expansion (Cianzio et al., 1985; Phinney et al., 1994) . These experiments have led to the identification of regulatory genes. Among these genes, our focus is on the PAT family, which is involved in controlling cellular lipid stores. The PAT family genes are known as molecular markers that reflect the levels of lipid metabolism and that take part in adipocyte differentiation (Brown, 2001; Wu et al., 2010 Wu et al., , 2011 Zhao et al., 2010) . The TIP47 has apolipoproteinlike properties and may promote the absorption of triglycerides, and the critical roles of ADRP and perilipin in adipocyte differentiation have also been examined extensively in several studies (Arimura et al., 2004; Targett-Adams et al., 2005; Shimizu et al., 2006; Ohoka et al., 2009) . The expression of the TIP47, ADRP, and perilipin proteins always appears in a sequential pattern during adipocyte growth and development. During the early stages of lipid synthesis, the expression of the TIP47 protein becomes detectable. At later stages of lipid synthesis, TIP47 leaves the droplets, and the larger droplets are coated by ADRP and perilipin. Ultimately, only perilipin is expressed on the droplets (Bickel et al., 2009; Bulankina et al., 2009) . Recently, some experiments reported that the expression levels of ADRP and perilipin mRNA also follow a sequential pattern in the adipose tissue. The highest expression level of ADRP was observed in the first 14 d of postnatal life and then immediately decreased, whereas the relative expression level of perilipin gradually increased during chicken growth (Wu et al., 2010; Zhao et al., 2010) . However, the expression patterns of these genes in different regions of subcutaneous adipose tissue during duck growth are still not clear and require further research.
To date, there is no information available about the growth pattern of subcutaneous adipose tissue during duck growth or the reasons for regional differences observed in ducks. The present study was therefore designed to analyze the changes in cellular morphology and lipid content and to test the expression patterns of ADRP, perilipin, and TIP47 in 5 different regions of duck subcutaneous tissue during growth 1 to 8 wk after hatching. These analyses would not only provide new insight for reducing obesity but also useful data for the further study of the mechanisms of duck subcutaneous adipose tissue development.
MATERIALS AND METHODS

Birds and Sampling
Female Peking ducks (Anas platyrhynchos) were raised under natural light and temperature conditions at the Sichuan Agricultural University Waterfowl Breeding Experimental Farm. All birds had access to feed [commercial corn-soybean diets meeting the NRC (1994) requirements] and water. Eight growing stages were investigated in this study (each week from wk 1 to 8 after birth). At each time point, 3 female ducks were randomly selected for sampling. Skin slices with subcutaneous fat were isolated, and subcutaneous fat tissues from the left side of the skin slice were examined from 5 regions: the neck area (NSF), chest area (CSF), lower abdomen area (ASF), back area (BSF), and leg area (LSF; Bochno et al., 2007) . All the tissue types of each duck were divided into 3 samples. One sample was placed in liquid nitrogen and then stored at −80°C for total RNA isolation. The second sample was cut into fragments weighing 1 to 5 g each and stored at −80°C for lateral analysis of lipid content. The last sample was used for the preparation of the sections and morphologic analysis. All procedures in this study were approved by the Beijing Animal Welfare Committee.
Adipocyte Counting and Sizing
Adipose tissue specimens were fixed in 10% phosphate buffered neutral formalin, embedded in paraffin, cut at thicknesses of 5 microns, and stained with hematoxylin and eosin. Representative areas were photographed under a Nikon 90i microscope (Nikon, Tokyo, Japan) at a magnification of 10×. The average diameter and average surface area of 250 adipocytes in each section were analyzed with Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD; Chen and Farese, 2002; Guo et al., 2011) . The average cell volume and cell number per gram of tissue were calculated from the diameter and surface area of adipocytes, taking into account a density of 0.915, according to previously described methods (Hirsch and Gallian, 1968; Sjöström et al., 1971) .
Lipid Content Analysis
The lipid content from the different regions was measured by the Soxhlet extraction method. All the tissue samples were dried to a constant weight at 90°C in a drying oven and then extracted for 24 h with petroleum ether in a Soxhlet apparatus. The lipid content was calculated from the difference between the weights of dry sample before and after extraction. The triglyceride content per cell (TG/cell) was calculated according to the protocol of Hirsch and Gallian (1968) .
RNA Isolation and Real-Time PCR
Total RNA was isolated from subcutaneous adipose samples using the Trizol reagent according to the man-ufacturer's protocol (Invitrogen, Carlsbad, CA) and then quantified by spectrophotometric absorbance at 260 nm. First-strand cDNA was synthesized with total RNA by PrimeScript RT reagent kit (TaKaRa Biotechnology, Dalian, China).
The primers for the amplification of the duck TIP47, ADRP, and perilipin genes were designed using Primer Premier 5.0. The duck β-actin and NADPH sequences from GenBank were used as internal references as previously described (Tao et al., 2008; Wu et al., 2010 Wu et al., , 2011 . All GenBank accession numbers for each gene and the corresponding sizes of the products are shown in Table 1 . All primers were synthesized by TaKaRa Biotechnology Co. Ltd. The real-time PCR reaction was performed using a reaction mixture containing 1 μL of the newly generated cDNA template, 12.5 μL of SYBR Premix Ex Taq, 10.5 μL of sterile water, and 0.5 μL of the primers of the target genes. The reaction was performed using the IQ5 real-time PCR thermal cycle instrument (Bio-Rad, Munich, Germany). The thermal cycling parameters were as follows: 1 cycle at 95°C for 30 s, 40 cycles of 95°C for 10 s and 60°C for 40 s, with a subsequent 80-cycle melt curve to determine the primer specificity by starting at 55°C and increasing the temperature by 0.5° every 10 s. Standards curves were generated with a 10 −3 to 10 −10 dilution series template of the PCR product.
Statistical Analysis
The gene expression levels were quantified relative to the expression of the β-actin and NADPH according to the 2 −ΔΔCt method (Livak and Schmittgen, 2001) . All data were analyzed using the SAS 8.0 package for Windows (SAS Institute Inc., Cary, NC). The variations in the adipocyte characteristics, lipid content, and gene expression levels between the different subcutaneous regions from the age-related samples were analyzed by a 1-way ANOVA. Differences were considered statistically significant when a value of P < 0.05 was obtained. Figure 1A shows the sections of 5 different regions in duck adipose tissues at wk 1, 3, and 8. We observed single nuclei in the center of adipocytes. Half of the cell population is made up of immature adipocytes at wk 1, whereas more mature adipocytes were observed in the sections at wk 3. The number of mature adipocytes increased rapidly, and more than half of the cells were made up of mature adipocytes. At wk 8, only mature adipocytes could be observed in the sections. The adipocytes were surrounded by connective tissue, which could be observed clearly in each stage and region, especially in the LSF.
RESULTS
Adipocyte Characteristics of Growing Ducks
Figures 1B, C, and D show the differences in morphological indicators in 5 regions at wk 1 to 8. During wk 1 to 3, the average cell number declined significantly in the CSF, ASF, BSF, and LSF but changed very little in the NSF. The average cell volume and TG/cell increased rapidly in all duck adipose tissues. During wk 3 to 4, the average number of adipocytes had almost no changes in any region except for the LSF. The average cell volume and TG/cell continued to increase during wk 4 to 8. Figure 2 shows the differences in the lipid content of subcutaneous adipose tissue from the 5 regions of growing ducks. The lipid content in the NSF, CSF, and ASF was significantly higher at all stages, intermediate in the BSF, and significantly lower in the LSF at all stages except wk 3. There were obvious differential dynamic patterns in lipid content: the lipid content of the NSF and ASF showed a decreasing tendency from 1 to 3 wk of age as compared with the BSF and LSF. The lipid content of the CSF showed a decreasing tendency from 1 to 2 wk of age and kept steady from wk 2 to 4. After 4 wk of age, the lipid content followed a similar changing pattern in all regions and exhibited a "rise and decline" trend during wk 4 to 8.
Comparison of the Lipid Content During Early Duck Growth
Comparison of the Relative Expression Levels of Adipogenesis Marker Genes During Early Duck Growth
The results of the analysis of the relative expression levels of TIP47, ADRP, and perilipin genes in adipose tissue in each region and stage are listed in Figure 3 . The expression of TIP47, ADRP, and perilipin in the NSF, ASF, and BSF had a similar pattern of increased and then decreased expression. The peak expression levels of TIP47, ADRP, and perilipin appeared to occur at wk 2, 3, and 4, respectively. In contrast, the TIP47 mRNA expression level in duck LSF did not change from wk 1 to 7 and then declined at wk 8, whereas in the CSF, it reached a peak in wk 4. The expression of the ADRP and perilipin genes reached peaks at 4 wk of age in both the CSF and LSF.
The differences of gene expression at each stage were also analyzed. The highest expression level of TIP47 was found in the BSF, with higher expression than in the other regions at wk 1 (P < 0.05). At wk 2, the highest TIP47 mRNA expression was found in the NSF and BSF (P < 0.01), whereas the expression in the CSF was the lowest. The relative expression level of TIP47 was higher in the CSF than in the ASF and BSF at 4 wk of age (P < 0.05), and the TIP47 expression was higher in the NSF than in the ASF at 6 wk of age (P < 0.05). In the LSF, the highest expression of ADRP was found from wk 4 to 5 (P < 0.05), and the highest level of perilipin was detected at 3 to 4 wk of age (P < 0.05).
DISCUSSION
Adipogenesis is the process of adipocyte development and lipid storage. During the early stages of preadipocyte differentiation, preadipocytes enter into growth arrest and undergo a mitotic clonal expansion that is accompanied by the expression of gene markers that can induce the mature adipocyte phenotype. Then, cells begin to accumulate lipids and gradually alter their cellular morphology. Finally, preadipocytes become mature adipocytes during the late stages of differentiation (Gregoire et al., 1998; Ntambi and Young-Cheul, 2000) . In the present study, we found that the development of adipose tissue was primarily dependent upon adipocyte differentiation, which is consistent with previous studies and supports the hypothesis that adipose tissue development occurs through a process of changes in both the average volume and the number of adipocytes in the postnatal period (Cartwright, 1991; Prins and O'Rahilly, 1997) . At the early postnatal stage of duck development (between wk 1 and 3), the average cell number per gram of NSF increased ( Figure 1C ). As ducks grew older (between 3 and 8 wk of age), the average cell number per gram of tissue changed very little, whereas the average cell volume and TG/cell continued to increase. These results suggest that hyperplasia may occur much more in NSF adipose tissue during the early stages of development, whereas hypertrophy is more important than hyperplasia for increasing adipose tissue mass at later time points. This growth pattern of adipose tissue in ducks is similar to that in chickens. In broiler chickens, adipocyte hyperplasia is only detectable before 7 wk of age, whereas adipocyte hypertrophy is mainly responsible for the weight gain during the later stages of development (Hermier et al., 1989) . However, only the average cell number per gram of LSF increased from wk 3 to 4 ( Figure 1C ), which suggests that the LSF region seemed to show some hyperplasia and that adipocytes in LSF may have a greater hyperplasia capacity than adipocytes in the other regions at 3 to 4 wk of age. After wk 4, there was no significant change in the average cell number. Therefore, adipocyte hyperplasia in ducks is completed by wk 4.
In chickens, the average adipocyte size increased steadily during growth (Guo et al., 2011) . However, the differences in adipocyte development between ducks and chickens have not yet been reported. Our study showed that both the average cell volume and TG/ cell increased during the early stages of duck growth, whereas adipocyte hyperplasia disappeared during wk 4 to 8 ( Figure 1C, D) . Thus, our results are consistent with studies performed in animals that suggested that adipocyte hypertrophy appears to occur in a continuous manner and that it is involved in the expansion of white adipose tissue during early postnatal development (Evans, 1972; Cianzio et al., 1985; Guo et al., 2011; Nakajima et al., 2011) . Another observation in our study was that the average cell volume and TG/ cell increased rapidly during wk 4 to 8, especially in the ASF and LSF. These results confirm the reports that the adipocytes in some regions of white adipose tissue, such as the leg region, have a larger size and can accumulate more lipids, suggesting that adipocytes display a greater hypertrophic capacity in some regions (Tchernof et al., 2006; Nellemann et al., 2010) . Therefore, adipocytes in the ASF and LSF displayed a higher hypertrophic capacity than those in other regions during wk 4 to 8. As both cell hyperplasia and hypertrophy are determinant factors for adipocyte development, our results indicate that the differences in adipocyte hyperplastic and hypertrophic capacity among the 5 regions may contribute to the different intracellular lipid content. However, it should be noted that adipocytes with a diameter less than 10 μm were not counted in the present study because they were too small to be accurately measured by a computer image analysis. Thus, at the very early stages of development (before wk 3), the number of adipocytes may be underestimated, and the average cell volume might be slightly overestimated. However, these considerations do not change our conclusions concerning adipocyte morphology. The increase in adipose stores was primarily due to adipocyte hypertrophy at later stages. The intracellular fat content, which was found to be directly proportional to adipocyte size (Tchernof, et al., 2006) , can also be identified as an important indicator of adipocyte development. Foglia et al. (1994) reported that the lipid content of adipose tissue in broiler chickens gradually increased at early stages and slightly decreased at later stages. However, we found that the lipid content in only the BSF and LSF exhibited a "rise and decline" trend during wk 1 to 8 in ducks. In contrast to broiler chickens, the lipid content in the NSF and ASF in duck showed a decreasing tendency from 1 to 3 wk of age. The discrepancy between the results of Foglia et al. (1994) and our results may result from our use of samples from multiple regions of subcutaneous adipose tissue rather than from a single specific location. Merkley and Cartwright (1989) also give another explanation for this phenomenon; their study suggests that there are many regionspecific differences in the white adipose tissue growth rate. Adipose tissue growth is accompanied by the development of the connective tissue matrix and blood vessels. There are many structural differences in the different regions of subcutaneous adipose tissue during growth, especially the leg region, which is composed of more connective tissue than any other region (Anderson et al., 1972) . In our research, the NSF, CSF, and ASF were found to have the highest lipid content values at all stages, and the LSF had the lowest lipid content, except at 3 wk of age. As the lipid content reflects the fat storage capacity, our data suggest that the NSF, CSF, and ASF may display greater fat storage capacity than the BSF and LSF.
The PAT family, which includes TIP47, ADRP, and perilipin, is involved in adipose development. Wu et al. (2010) observed that the mRNA expression of perilipin peaked in adipose tissue after the period of adipocyte hyperplasia. Because adipocyte hypertrophy and perilipin expression appear to occur during the later stages of adipocyte development (Jiang and Serrero, 1992) , it can be speculated that adipocyte hyperplasia may occur before the perilipin mRNA expression peak in adipose tissue, after which adipose growth is accomplished by adipocyte hypertrophy only. These results suggest that adipocyte hypertrophy in ducks appears to predominate in all regions during subcutaneous adipose growth after 4 wk of age.
In 3T3-L1 cells, ADRP first appeared at d 1, remained constant through d 3, and was downregulated by d 4 to 8 during the early stages of 3T3-L1 cell differentiation, whereas perilipin expression was later detected by d 3 and then continued to increase during the later stages (Jiang and Serrero, 1992; Brasaemle et al., 1997a) . Observations in subcutaneous adipose tissue have also shown that the highest expression level of ADRP was at d 14 of the postnatal period in chicken, whereas the higher values of perilipin mRNA were detectable at d 35 and 49 in the Landes goose and at d 42 in the Zhejiang White goose (Wu et al., 2010; . In our study, the expression level of TIP47 peaks at 2 wk, 1 wk earlier than ADRP and 2 wk earlier than perilipin in the NSF, ASF, and BSF. The patterns of PAT family mRNA expression in the subcutaneous tissue of the neck, lower abdomen, and back are similar. By contrast, the expression of the ADRP and perilipin genes reached their peaks at 4 wk in both the CSF and LSF. The pattern of PAT family mRNA expression in the CSF and LSF is not consistent with previous reports in 3T3-L1 cells. This inconsistency exists mainly because adipose tissue contains many cells of different sizes and numbers, including adipocytes at various stages of development. Therefore, the gene expression differences may correlate with some of the cellular measurements made in the different regions. However, in the LSF, higher values for TG/cell and the highest expression of perilipin but lower values for lipid content were observed at wk 3. One possible explanation for these results is that perilipin and ADRP are likely to function in both lipid synthesis and lipolysis (Tansey et al., 2001; Miyoshi et al., 2006) , whereas the role of TIP47 is limited primarily to promoting lipid storage (Bulankina et al., 2009 ). The balance between lipid synthesis and degradation is thus associated with the gene expression patterns of each region. Taking this factor into consideration, our observations seem to indicate that varying degrees of lipogenic and lipolytic activity among the regions probably contribute to regional developmental differences. The LSF region may have higher lipid metabolic activity during wk 3 to 5, whereas the NSF, CSF, and BSF may have higher lipogenic activity before wk 4. Because ADRP or perilipin controls the mass of cellular lipids by regulating the protein levels (Brasaemle et al., 1997b; Tansey et al., 2001; Miyoshi et al., 2006) , further studies are needed to test the lipogenic and lipolytic activity in the different regions.
We have provided evidence for regional differences in cellular development, lipid content, and gene expression in duck adipose tissue. All of these results indicate that regionally specific growth performance might result from the differences in adipocyte proliferation and differentiation capacity, fat storage capacity, and metabolic activity. Despite these regional differences, both hyperplasia and hypertrophy in subcutaneous adipose tissue are responsible for meat-type fat accumulation in breeding duck during early stages of growth, whereas only hypertrophy appears to occur after wk 4. These findings do not support observations for Aylesbury ducks and chickens (Evans, 1972; Hermier et al., 1989; Butterwith, 1997; Guo et al., 2011) . One possible explanation for these differences is that some poultry strains tend to have a higher growth performance and larger adipocyte sizes when they are selected for higher growth rates (Evans, 1972; Cartwright, 1991; Guo et al., 2011) . Therefore, more investigations are needed to confirm the roles of adipocyte hyperplasia and hy-pertrophy in other ducks with different genetic backgrounds.
In conclusion, our observations indicate that the development of subcutaneous adipose tissue is achieved by both adipocyte hyperplasia and hypertrophy until the ducks are 4 wk old, after which the growth of adipose tissue is primarily due to hypertrophy. However, there are many regional differences in adipocyte hyperplastic and hypertrophic capacity, fat storage capacity, and metabolic activity during subcutaneous adipose tissue development. During the early stages of development, adipocytes in the NSF have higher hyperplastic and lipogenic activity compared with adipocytes in the other regions. Adipocytes in the CSF also have higher lipogenic activity during the early stages of development than those in the other regions. Adipocytes in the ASF have a higher hypertrophy capacity at wk 4 to 8. A greater fat storage capacity in the NSF, CSF, and ASF are observed compared with the BSF and LSF at wk 1 to 8. In contrast, adipocytes in the BSF region have a higher lipogenic activity than other regions during the early stages of development. Adipocytes in the LSF region have a higher hyperplastic capacity at wk 3 to 4, a higher hypertrophy capacity at wk 4 to 8, and higher metabolic activity at wk 3 to 5, but a lower performance in fat storage capacity. Further studies are needed for a clearer understanding of adipocyte hyperplasia and hypertrophy from ducks of different genetic backgrounds.
